Lead-free piezoelectric ceramics ͑1−x͒K 0.5 Na 0.5 NbO 3 -xAgSbO 3 + 0.75 mol % MnO 2 were prepared by a conventional solid-state sintering technique, and the piezoelectric and dielectric properties of the ceramics were studied. The results of x-ray diffraction suggest that AgSbO 3 diffuses into the K 0.5 Na 0.5 NbO 3 lattices to form a new solid solution with a single-phase orthorhombic perovskite structure. After the addition of AgSbO 3 , the paraelectric cubic-ferroelectric tetragonal phase transition temperature ͑T C ͒ and the ferroelectric tetragonal-ferroelectric orthorhombic phase transition temperature ͑T O-T ͒ decrease, and the ceramics become "softened," resulting in significant improvements in the ferroelectric and piezoelectric properties. The ceramics with x = 0.03-0.10 exhibit excellent piezoelectric properties: d 33 = 130-216 pC/ N, k p = 0.44-0.51, and k t = 0.40-0.52. The ceramics also exhibit a good thermal stability up to high T O-T , suggesting that the ceramics are promising candidates for lead-free piezoelectric ceramics.
I. INTRODUCTION
Lead-based piezoelectric ceramics, represented by Pb͑Ti, Zr͒O 3 and Pb͑Ti, Zr͒O 3 -based multicomponent ceramics, are widely used in actuators, sensors, as well as microelectronic devices due to their excellent ferroelectric and piezoelectric properties. However, due to the high toxicity of lead oxide and its high vapor pressure during sintering, the use of lead-based ceramics has caused serious environmental problems. Therefore, there is a great need to develop leadfree piezoelectric ceramics with good piezoelectric properties for replacing the lead-based ceramics in various applications.
K 0.5 Na 0.5 NbO 3 ͑KNN͒, the solid solution of ferroelectric KNbO 3 and antiferroelectric NaNbO 3 , has been studied extensively and is considered one of the most promising candidates for lead-free piezoelectric ceramics because of its high Curie temperature, good ferroelectric properties, and large electromechanical coupling coefficients.
1-3 A dense and well-sintered KNN ceramic ͑e.g., prepared by the hotpressing technique͒ possesses high density ͑ = 4.46 g / cm 3 ͒ and good piezoelectric properties ͑piezoelectric coefficient d 33 = 160 pC/ N and planar-mode electromechanical coupling coefficient k p = 0.45͒.
1 However, because of the high volatility of alkaline elements at high temperatures, it is very difficult to obtain dense and well-sintered KNN ceramics using a conventional sintering process, and the ceramics usually exhibit worse piezoelectric properties ͑d 33 =80 pC/ N, k p = 0.36, and = 4.25 g / cm 3 ͒. . The powders in the stoichiometric ratio of the composition were mixed thoroughly in ethanol using zirconia balls for 8 h, and then dried and calcined at 880°C for 6 h. After the calcination, MnO 2 was added. The resulting mixture was ball milled again for 8 h and mixed thoroughly with a polyvinyl alcohol ͑PVA͒ binder solution, and then pressed into disk samples. The disk samples were finally sintered at 1100°C for 4 h in air. Silver electrodes were fired on the top and bottom surfaces of the samples. The ceramics were poled under a dc field of 5-6 kV/mm at 100°C in a silicon oil bath for 30 min.
The crystallite structure of the sintered samples was examined using x-ray diffraction ͑XRD͒ analysis with Cu K␣ radiation ͑Bruker D8 Advance͒. The microstructures were observed using a scanning electron microscope ͑SEM͒ ͑JSM-5900LV͒. The relative permittivity r and loss tangent tan ␦ were measured as a function of temperature using an impedance analyzer ͑Agilent 4192A͒. A conventional SawyerTower circuit was used to measure the polarization hysteresis ͑P-E͒ loop at 100 Hz. The electromechanical coupling coef- ficients k p and k t and mechanical quality factor Q m were determined by the resonance method according to the IEEE Standards using an impedance analyzer ͑Agilent 4294A͒. The piezoelectric coefficient d 33 was measured using a piezo-d 33 meter ͑ZJ-3A, China͒.
III. RESULTS AND DISCUSSION
The XRD patterns of the KNN-AS-x ceramics are shown in Fig. 1 . Similar to the KNN ceramic, 1-3 all the KNN-AS-x ceramics possess a single-phase perovskite structure with orthorhombic symmetry and no secondary phase is observed ͓Fig. 1͑a͔͒. This suggests that AgSbO 3 has diffused into the KNN lattices to form a new solid solution, with Ag + entering the ͑K 0.5 Na 0.5 ͒ + sites and Sb 5+ occupying the Nb 5+ sites. As shown in Fig. 1͑b͒ , the two diffraction peaks ͑202͒ and ͑020͒ start to merge together at x Ͼ 0.08. It seems that the ceramic has a tendency to transform into another phase, e.g., pseudocubic, at high AS concentrations. However, it is suggested that the crystal structure of the ceramic should remain orthorhombic, probably with similar lattice constants a, b, and c. Similar results have been observed for the Ta-modified KNN ceramics. 10 By measuring the temperature dependences of the relative permittivity r of the ceramics, additional experimental data of phase transition will be provided for further discussion in the following paragraphs. Figure 2 shows the SEM micrographs of the fracture surfaces of the KNN-AS-x ceramics with x = 0.02, 0.08, and 0.12. All the ceramics are well sintered and possess a dense microstructure. For the ceramics with larger x, the grains become smaller and more uniform in size. The ceramics also exhibit a well-saturated and squarelike P-E hysteresis loop under an electric field of about 6 kV/mm. Figure 3 shows, as examples, the P-E loops of the KNN-AS-x ceramics with x = 0, 0.04, 0.08, and 0.12, while the variations in the remanent polarization P r and coercive field E c with x are shown in Fig.  4 . Both the observed P r and E c increase and then decrease with increasing x, giving the maximum values of 29.0 C / cm 2 and 1.15 kV/mm, respectively, at x = 0.03. Unlike P r , the dependence of E c on x is relatively weak. 
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Lin, Kwok, and Chan J. Appl. Phys. 106, 034102 ͑2009͒ tively, at x = 0.04. The observed r increases significantly from 310 to 1690 as x increases from 0 to 0.12. The observed tan ␦ remains at a value smaller than 3% at x Ͻ 0.06, and then increases significantly to about 10% at x = 0.12. Unlike the other material parameters, the observed Q m decreases significantly from 441 to 71 as x increases from 0 to 0.12. On the basis of the above results, it can be seen that the ceramics are "softened" after the addition of AS. Sb has a much larger Pauling electronegativity than Nb ͑2.05 versus 1.5͒. Therefore, the partial substitution of Sb 5+ for Nb 5+ in the KNN-AS-x ceramics induces a much stronger covalence which favors the piezoelectricity and ferroelectricity. 11 The temperature dependences of r and tan ␦ for the KNN-AS-x ceramics with x = 0, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12 are shown in Fig. 6 . Similar to a pure KNN ceramic, 1-3 the ceramic with x = 0 undergoes the cubictetragonal phase transition at 429°C ͑T C ͒ and the tetragonalorthorhombic phase transition at 202°C ͑T O-T ͒. It should be noted that KNN will undergo another transition from the orthorhombic to rhombohedral phase at −200°C, 15 which is not in the temperature range of the present investigation. As shown in Fig. 6 , after the addition of AgSbO 3 , the ceramics undergo the cubic-tetragonal and tetragonal-orthorhombic phase transitions, with both T C and T O-T shifted to lower temperatures. Figure 7 shows the variations in T C and T O-T with x for the KNN-AS-x ceramics. The observed T C decreases significantly from 425 to 215°C as x increases from 0 to 0.09 and then remains almost unchanged at larger x. Similar to T C , the observed T O-T decreases significantly from 202 to 114°C as x increases from 0 to 0.08, and then remains almost unchanged. On the basis of the results, it can be seen that all the ceramics should have an orthorhombic structure at room temperature. This provides additional evidence for the suggestion that the crystal structure of the ceramics with x Ͼ 0.08 should remain orthorhombic although their ͑room-temperature͒ diffraction peaks ͑202͒ and ͑020͒ merge into one ͓Fig. 1͑b͔͒.
As also shown in Fig. 6 , the transition peak associated with the cubic-tetragonal phase transition becomes broadened at x Ն 0.04. This suggests that a diffuse phase transition is induced. A diffuse phase transition has been observed in many ABO 3 -type perovskites and bilayer structure compounds such as Ba 0.5 Na 0.5 TiO 3 -based ceramics, 21, 22 For the KNN-AS-x ceramics, the differences in ionic radius between the A-site cations ͑Ag + , K + , and Na + ͒ and between the B-site cations ͑Sb 5+ and Nb 5+ ͒ are small. As a result, the A-and B-site disorder degrees and the local compositional fluctuation increase, making the ceramics become more relaxorlike and exhibit a diffuse phase transition. 21, 22 The diffuseness of a phase transition can be determined from the modified Curie-Weiss law 1 / r −1/ m =C −1 ͑T − T m ͒ ␥ , [17] [18] [19] where m is the maximum value of r at the phase transition temperature T m , ␥ is the degree of diffuseness, and C is the Curie-like constant. The ␥ can have a value ranging from 1 for a normal ferroelectric to 2 for an ideal relaxor ferroelectric. Based on the temperature plots of r at 10 kHz, the graphs of ln͑1 / r −1/ m ͒ versus ln͑T − T m ͒ for the KNN-AS-x ceramics were plotted, giving the results shown in Fig. 8͑a͒ . All the samples exhibit a linear relationship. By least-squares fitting the experimental data to the modified Curie-Weiss law, ␥ was determined. Figure  8͑b͒ shows the variations in the calculated ␥ with x for the ceramics. For the ceramic with x =0, ␥ equals to 1.12, revealing the normal ferroelectric characteristics. As x increases, ␥ increases and then decreases, giving a maximum value of 1.88 at x = 0.08. This suggests that the addition of AS causes essential changes in the phase transition, and the ceramics become gradually a relaxor ferroelectric and exhibits a broadened transition peak, as shown in Fig. 6 . To demonstrate the practical applicability, the thermal stability of the ceramics was studied. Figure 9 shows the variation in k p with temperature for the ceramic with x = 0.04. In general, there is no depoling effect on the ceramics up to T O-T . The observed k p increases slightly with increasing temperature, and then starts to decrease at temperature close to the T O-T ͑149°C͒. The increase in k p with temperature should be attributed to the coexistence of the orthorhombic and tetragonal phases near T O-T , which is the major reason for the high piezoelectricity reported in KNN-based systems. 
